Introduction {#s1}
============

The soil environment that natural populations of plants are exposed to is quite complex ([@CIT0073]; [@CIT0072]). Bacteria represent major players in the soil with cell numbers thought to approach 1 × 10^9^--1.5 × 10^10^ per g of soil ([@CIT0071]; [@CIT0059]) constituting over 4000 unique genomes per g of soil ([@CIT0071]). These bacteria are known to participate heavily in nutrient cycling, as well as intimate crosstalk with sporophyte roots ([@CIT0009]). The bacteria and roots communicate through both chemical and hormonal signals ([@CIT0058]), which can directly initiate changes in plant behaviour and morphology ([@CIT0041]; [@CIT0003]; [@CIT0047]).

The crosstalk between the sporophyte root and bacteria and between sporophyte roots themselves are well studied ([@CIT0004]). Less explored are the potential relationships between free-living gametophytes and soil bacteria, although the resident bacteria for many bryophytes have been described ([@CIT0051]; [@CIT0008]). The results of such work with bryophytes, though largely correlative, strongly suggest a relationship between specific groups of bacteria and bryophytes ([@CIT0051]; [@CIT0008]). Ferns offer a unique opportunity to explore such associations given that they offer a free-living gametophyte in common with bryophytes and a free-living sporophyte generation in common with seed plants. In ferns these two generations may briefly share the same microenvironment though there are inherent differences between gametophyte rhizoids and sporophyte roots: rhizoids are multicellular, while the morphologically and functionally similar root hairs of the sporophyte are single celled ([@CIT0036]).

Among some of the homosporous ferns, gametophyte sex is strongly influenced by the presence or absence of a secreted hormone in the soil called antheridiogen ([@CIT0006]). This system was first described by [@CIT0019], cited in [@CIT0064]) in *Pteridium aquilinum*. Since then, many others have described antheridiogen-based sex determination systems in a variety of homosporous ferns (reviewed in [@CIT0078]), including one of the most studied ferns, *Ceratopteris richardii*, which serves as a model system ([@CIT0030]). The default sexual development in *C. richardii* is as a hermaphrodite; as hermaphrodites develop, they secrete antheridiogen, or A~CE~, into the environment ([@CIT0007]; [@CIT0020]; [@CIT0005], [@CIT0006]). Developing gametophytes that perceive A~CE~ during a narrow induction window, from approximately day 3 to day 6 of development, are biased to develop as males ([@CIT0006]). Males require the continued presence of A~CE~ to remain male; with the removal of A~CE~, males may convert to hermaphrodites ([@CIT0007]; [@CIT0037]; [@CIT0012]; [@CIT0022]). Hermaphrodites are larger than males having a cordate thallus that is dorsoventrally flattened with rhizoids forming at the basal end ([@CIT0048]).

The bulk of studies on homosporous ferns, including *C. richardii*, rely on laboratory observations, while a small number have focused on the antheridiogen system in natural populations ([@CIT0064]). Where results between laboratory and natural populations have been compared, differences have been observed in the proportion of gametophytes in the population belonging to one gender class or another, with laboratory populations having higher proportions of asexuals or males ([@CIT0063]; [@CIT0060]). Some of these differences could be ascribed potentially to differences in the retention of antheridiogen in an agar-based environment or lack of age structure ([@CIT0060]). Given the complexity of the soil environment with respect to bacterial communities and the reported associations between unique bacterial communities and bryophytes, it is possible that soil bacteria may affect the development of fern gametophytes. The objective of this study was to determine the effect of a soil bacterium on sex determination and rhizoid development in *C. richardii*.

Materials and Methods {#s2}
=====================

Isolation and identification of soil bacteria {#s3}
---------------------------------------------

Soil bacteria were isolated from fern species local to Erie, PA, *Dryopteris intermedia*, *Onoclea sensibilis*, *Osmunda cinnamomea* and *Osmunda regalis*. Frozen stocks of each isolated bacterium were prepared with glycerol and maintained at −80 °C. One bacterial isolate from *O. sensibilis* that grew on *Pseudomonas* selective agar was subject to further testing. The isolate was inoculated in 5 mL of sterile tryptic soy broth (TSB) and grown overnight at 37 °C. A 2 μL aliquot of bacterial culture was added to 20 μL of Buffer BR-A (BacReady™ PCR Multiplex System, Genescript). Genomic DNA was amplified by PCR using GoTaq Green PCR Master Mix (Promega) and universal primers for the 16S rRNA gene (27FACA and 1492RT). PCR products were purified by ethanol precipitation, quantified and sequenced using 27FACA and 1492RT primers by MWG Operon. Complete 16S rRNA sequences were generated and used as input to identify the bacterial isolate using the EZTaxon-e Database ([@CIT0040]) and RDP Classifier ([@CIT0074]). Additional biochemical tests for pseudomonads were performed as described in [@CIT0077] to support identification of the isolated soil bacteria.

Inoculation of C-Fern agar plates with bacteria {#s4}
-----------------------------------------------

Tubes of TSB were inoculated with the identified pseudomonad from the frozen stock. Bacterial cultures were grown for 72 h at 37 °C and diluted with sterile TSB to produce cultures with an absorbance of 0.2 at 600 nm. C-Fern agar was prepared by combining C-Fern powdered media (Carolina Biological Supply Company) with granulated agar (BD Difco agar) following manufacturer's protocols. Cooling C-Fern agar plates (55 °F, 40 mL) were inoculated with either 40 μL of the diluted pseudomonad culture (treatment) or 40 μL of sterile TSB (control). Since the bacteria are added while the agar is still liquid to produce a pour plate, bacteria end up suspended within the agar and not on top of it.

Plating and germination of *C. richardii* spores {#s5}
------------------------------------------------

*Ceratopteris richardii* wild-type spores were obtained from Carolina Biological Supply Company and were diluted in 5 mL of sterile water following manufacturer's instructions. Control and bacteria-containing plates were inoculated with *C. richardii* spores at volumes indicated in each experiment and placed under 12-h grow lights (60 μM photons m^−2^ s^−1^) supplemented with 2--15 W incandescent bulbs at 28 °C in a Percival Scientific growth chamber.

Effects of bacteria on *C. richardii* sex determination {#s6}
-------------------------------------------------------

Eleven bacteria-containing and 11 control C-Fern agar plates were prepared as described and each was inoculated with a different volume of *C. richardii* wild-type spores: 60, 72, 85, 96, 108, 120, 132, 144, 156, 168 and 180 μL. *Ceratopteris richardii* is a model system for developmental studies, in part, due to its short life cycle ([@CIT0031]). Sexual maturity is reached in 10--12 days at temperatures used in these experiments ([@CIT0068]) and therefore, after 3 weeks, gametophytes could easily be classified as male or hermaphrodite. The proportion of hermaphrodites was determined as the number of hermaphrodites/the total number of gametophytes. This experiment was repeated a second time and analysed separately \[see [Supporting Information](#sup1){ref-type="supplementary-material"}\].

Using SPSS software ([@CIT0035]) an analysis of covariance (ANCOVA) was used to determine if the proportion of hermaphrodites differed among treatments. The total number of gametophytes per dish served as the covariate. The homogeneity of slopes assumption was tested as the interaction between the covariate and the treatment effect. Where the interaction was not significant, the analysis was run again without the interaction term following the ANCOVA protocol.

Effects of bacteria on rhizoid growth and thallus area {#s7}
------------------------------------------------------

Seven replicate bacteria-containing and seven replicate control C-Fern agar plates were prepared as described and inoculated with *C. richardii* wild-type spores to yield a density of \~9 gametophytes per cm^2^. Beginning 9 days after spore sowing and continuing through day 19, gametophytes were randomly chosen for image analysis using a random number table and a polar coordinate system given to each plate. Random numbers allowed for random selection of both plates and gametophytes. Day 9 was chosen because at this point it was possible to determine the gender of gametophytes, and day 19 was chosen because at this point gametophytes were often too large to be photographed using existing magnification. On each day, still images of eight males and eight hermaphrodites from at least four Petri dishes per treatment allowed for determination of gametophyte area and maximum length of rhizoids using image analysis software (Infinity Analyze, Lumenera Corporation). Because hermaphrodites are dorsoventrally flattened and males are only a couple of cell layers thick, size of gametophytes can be determined by measuring gametophyte area. The number of rhizoids was determined by counting. Since gametophytes are known to communicate with and potentially influence one another, the sizes of gametophytes are not independent. Therefore, in order to avoid pseudoreplication ([@CIT0034]), measurements of hermaphrodites and males were averaged separately for each Petri dish \[see [Supporting Information](#sup1){ref-type="supplementary-material"}\].

Using SPSS software ([@CIT0035]), a two-factor multiple analysis of covariance (MANCOVA) was used to determine factors affecting the growth of rhizoids. Number and maximum length of rhizoids were the dependent variables, while gametophyte gender and bacterial treatment served as main effects. Both maximum rhizoid length and rhizoid number are expected to increase with gametophyte area and therefore gametophyte area was used as a covariate. The two dependent variables and the covariate were log-transformed to improve normality. The three-way interaction between the covariate, gender and bacterial treatment was included in the model along with the tests of homogeneity of slopes: interactions between each factor and the covariate. With non-significant homogeneity of slopes tests, the model was rerun without these terms. With significant interactions, the model was broken into separate analyses.

In order to determine if hermaphrodite thallus area differed for *C. richardii* grown in the presence and absence of the pseudomonad, average thallus area was determined for each treatment on each day from day 9 to day 17 \[see [Supporting Information](#sup1){ref-type="supplementary-material"}\]. Using SPSS software ([@CIT0035]), an ANCOVA was performed on hermaphrodite thallus area for *C. richardii* grown in the presence and absence of the pseudomonad. Day served as a covariate and the interaction between day and log(area of hermaphrodite) served as a test of the homogeneity of slopes assumption.

Effects of bacteria on *C. richardii* germination rates {#s8}
-------------------------------------------------------

Ten replicate bacteria-containing and 10 replicate control C-Fern agar plates were prepared as described and inoculated with *C. richardii* wild-type spores to yield a density of \~9 gametophytes per cm^2^. Cumulative germination rates were determined by following an average of 28 spores for 8 days. This was made possible by frame-grabbing an image of a section of the plate. Subsequent viewings of the plate were aligned with the saved image ensuring that the same spores were followed over time. Germination rates were determined for each treatment on each day from day 3 to day 8 \[see [Supporting Information](#sup1){ref-type="supplementary-material"}\]. Using SPSS software ([@CIT0035]), a repeated measures analysis of variance (ANOVA) was performed to compare germination rates for *C. richardii* grown in the presence and absence of the pseudomonad.

Results {#s9}
=======

Soil bacteria {#s10}
-------------

A soil isolate collected from the fern *O. sensibilis* was observed to grow on *Pseudomonas* selective agar. Comparison of the 16S rRNA sequence from the soil bacteria isolate to the EZTaxon-e Database resulted in a sequence alignment of 29 out of 30 results to bacteria within the genus *Pseudomonas*, where the top sequence alignment was to *Pseudomonas nitroreducens* with a similarity score of 99.86 %. The results of the additional biochemical testing of the bacterial soil isolate matched the results following [@CIT0077]; [Table 1](#T1){ref-type="table"}). Both 16S rRNA sequence analysis and biochemical tests support the identification of the unknown bacterium as most closely resembling *P. nitroreducens*.

###### 

Results of biochemical testing of the soil bacterium. Results from [@CIT0077] are shown for comparison.

  Test                                            Soil pseudomonad       [@CIT0077]
  ----------------------------------------------- ---------------------- -----------------------------
  Colony morphology                               Raised, dull, yellow   Raised, dull, yellow orange
  Nitrate reduction                               \+                     \+
  Nitrate respiration                             \+                     \+
  H~2~S production                                −                      −
  Mannitol, sorbitol, glucose, maltose, lactose   No gas                 No gas
  Indole production                               −                      −
  Starch hydrolysis                               −                      −
  Growth at 37 °C                                 \+                     \+
  Urease                                          −                      Weakly +
  Catalase                                        \+                     \+

Effects of bacteria on *C. richardii* sex determination {#s11}
-------------------------------------------------------

In order to determine whether the pseudomonad affected sexual development in *C. richardii*, an ANCOVA was performed. In order to determine whether the relationship between the number of gametophytes and the percentage of hermaphrodites differed between gametophytes in the presence and absence of the pseudomonad, the interaction between bacterial treatment and number of gametophytes was included and served as a test of the homogeneity of slopes assumption. The interaction was not significant (*P* = 0.146) and therefore the model was run again without the interaction term following ANCOVA protocols. There was a significant effect of bacteria on the percentage of hermaphrodites (*F*~1,\ 19~ = 17.30, *P* = 0.001; [Fig. 1A](#F1){ref-type="fig"}). Across densities, the presence of the bacteria resulted in a higher proportion of hermaphrodites. The percentage of hermaphrodites decreased with an increase in total gametophyte number (*F*~1,\ 19~ = 38.60, *P* \< 0.001; [Fig. 1A](#F1){ref-type="fig"}). For the repeat experiment the interaction between bacterial treatment and number of gametophytes served as a test of the homogeneity of slopes assumption. The interaction was not significant (*P* = 0.07) and therefore the model was run again without the interaction term. There was a significant effect of bacteria on the percentage of hermaphrodites (*F*~1,\ 19~ = 24.771, *P* \< 0.001; [Fig. 1B](#F1){ref-type="fig"}). Across densities, the presence of the bacteria resulted in a higher proportion of hermaphrodites. The percentage of hermaphrodites decreased with an increase in total gametophyte number (*F*~1,\ 19~ = 15.415, *P* \< 0.005; [Fig. 1B](#F1){ref-type="fig"}).

![Relationship between the total number of gametophytes and the proportion of hermaphroditic gametophytes for *Ceratopteris richardii* grown in the presence and absence of the pseudomonad as determined from two separate experiments.](plz012f0001){#F1}

Effects of bacteria on rhizoid growth {#s12}
-------------------------------------

Both hermaphroditic and male gametophytes showed dramatic changes in rhizoid development over all days of the experiment ([Fig. 2](#F2){ref-type="fig"}). In order to determine the effect of the pseudomonad on rhizoid development, a MANCOVA was performed with Pillai\'s trace used as the test statistic. Pillai\'s trace values range from 0 to 1 with increasing values indicating that the effects are contributing more to the overall statistical model. An interaction between gametophyte and log(gametophyte area) (Pillai\'s trace = 0.277, *F*~2,\ 127~ = 24.32, *P* \< 0.001) served as the test of the homogeneity of slopes assumption and its significance precluded an overall analysis using both hermaphrodites and males together. Therefore, two separate MANCOVAs were performed, one for males and one for hermaphrodites.

![Images of control *Ceratopteris richardii* gametophytes 10 (A), 13 (B), 15 (C) and 20 (D) days from sowing, and gametophytes grown with the pseudomonad 10 (E), 13 (F), 15 (G) and 20 (H) days from sowing. Scale bars on each image are 1 mm.](plz012f0002){#F2}

For the hermaphrodite MANCOVA, the interaction between bacterial treatment and log(gametophyte area) served as the homogeneity of slopes test of whether the relationship between log(gametophyte area) and rhizoid development differed between hermaphrodites in the presence and absence of the pseudomonad. No interaction was evident (Pillai\'s trace = 0.02, *F*~2,\ 65~ = 0.655, *P* = 0.523) and therefore, the model was rerun without this interaction term. Bacterial treatment predicted rhizoid attributes (Pillai\'s trace = 0.936, *F*~2,\ 66~ = 480.71, *P* \< 0.001, canonical coefficient = 0.967). The new variate, a canonical variate that is a linear combination of the two rhizoid measures, was composed mainly of log(maximum rhizoid length) (0.970) and less of log(rhizoid number) (−0.205). Canonical coefficients, measurements of the strength of the relationship between canonical variates, had opposite signs indicating that maximum rhizoid length was positively related to the presence of the bacterium, while the number of rhizoids was negatively related. The new variate correlated most strongly with log(maximum rhizoid length) (0.979) and less so with log(rhizoid number) (−0.249), and therefore, univariate plots are presented ([Fig. 3A](#F3){ref-type="fig"} and [B](#F3){ref-type="fig"}). The longest rhizoid developed by hermaphrodites was \~295 % longer in the presence of the bacteria, while hermaphrodites produced 123 % more rhizoids in the control.

![Plots of rhizoid growth and gametophyte area: (A) relationship between the log\[area\] and log\[maximum rhizoid length\] for *Ceratopteris richardii* hermaphrodites grown in the presence and absence of the pseudomonad; (B) relationship between the log\[area\] and log\[number of rhizoids\] for *C. richardii* hermaphrodites grown in the presence and absence of the pseudomonad; (C) relationship between the log\[area\] and log\[maximum rhizoid length\] for *C. richardii* males grown in the presence and absence of the pseudomonad; and (D) relationship between the log\[area\] and log\[number of rhizoids\] for *C. richardii* males grown in the presence and absence of the pseudomonad.](plz012f0003){#F3}

The log(gametophyte area) predicted rhizoid attributes (Pillai\'s trace = 0.932, *F*~2,\ 66~ = 455.24, *P* \< 0.001). The new variate, a linear combination of the two rhizoid measures, was strongly composed of the number of rhizoids (0.984) and less so the maximum length of rhizoids (0.228). The new variate correlated strongly with the number of rhizoids (0.974) rather than with the maximum length of rhizoids (0.184). Canonical coefficients were of similar sign, indicating that both log(rhizoid number) and log(maximum rhizoid length) increase with increasing gametophyte area.

For the male MANCOVA, the homogeneity of slopes assumption was tested using the interaction between bacterial treatment and log(gametophyte area) and determined whether the relationship between log(gametophyte area) and rhizoid development differed between males grown in the presence and absence of the pseudomonad. This interaction was significant (Pillai\'s trace = 0.157, *F*~2,\ 61~ = 5.67, *P* = 0.006) and therefore, the MANCOVA was broken into two ANCOVAs, one for log(maximum rhizoid length) and the other for log(rhizoid number). Given the overall correlation between maximum rhizoid length and rhizoid number, a critical *P*-value of 0.025 was used rather than *P* = 0.05. For log(maximum rhizoid length), the interaction between bacterial treatment and log(gametophyte area) served as a test of the homogeneity of slopes assumption to determine whether the relationship between log(gametophyte area) and log(maximum rhizoid length) differed between males grown in the presence and absence of the pseudomonad. The interaction was not significant (*F*~1,\ 62~ = 0.002, *P* = 0.962) and therefore, the analysis was rerun without this term. The maximum length of rhizoids produced by males in the bacterial treatment was 272 % longer than control rhizoids (*F*~1,\ 63~ = 492.23, *P* \< 0.001; [Fig. 3C](#F3){ref-type="fig"}). The log(gametophyte area) did not predict log(maximum rhizoid length) (*F*~1,\ 63~ = 3.80, *P* = 0.056). For log(rhizoid number), the interaction between bacterial treatment and log(gametophyte area) served as a test of the homogeneity of slopes assumption to determine whether the relationship between log(gametophyte area) and log(rhizoid number) differed between males grown in the presence and absence of the pseudomonad. The interaction was significant (*F*~1,\ 62~ = 10.86, *P* = 0.002; [Fig. 3D](#F3){ref-type="fig"}) and therefore, the ANCOVA could not be run.

Effect of bacteria on *C. richardii* germination rates and thalli growth {#s13}
------------------------------------------------------------------------

In order to determine whether the pseudomonad affected germination rates, a repeated measures ANOVA was performed. Cumulative germination rates increased over the 8 days (Pillai's trace = 0.998, *F*~5,\ 14~ = 1252.66, *P* \< 0.001) with over half of the spores in both the treatment and control germinating, on average, within 6 days. Germination rates did not differ between *C. richardii* grown in the presence and absence of the pseudomonad (Pillai's trace = 0.275, *F*~5,\ 14~ = 1.064, *P* = 0.421; [Fig. 4A](#F4){ref-type="fig"}).

![Histograms of (A) cumulative germination of *Ceratopteris richardii* spores grown in the presence and absence of the pseudomonad between 3 and 8 days post sowing and (B) relationship between the log\[area\] for *C. richardii* hermaphrodites and time (days 9 through 17) for gametophytes grown in the presence and absence of the pseudomonad.](plz012f0004){#F4}

In order to determine whether thallus area differed between hermaphrodites grown in the presence or absence of the pseudomonad, an ANCOVA was performed. The interaction between day and bacterial treatment, which served as a test of the homogeneity of slopes, was not significant (*F*~1,\ 64~ = 0.068, *P* = 0.795) and therefore the analysis was rerun without the interaction term. Hermaphrodite thallus area was 134 % larger in *C. richardii* grown in the presence of the pseudomonad (*F*~1,\ 65~ = 12.149, *P* \< 0.005; [Fig. 4B](#F4){ref-type="fig"}). Hermaphrodite gametophytes increased in size over the course of the experiment (*F*~1,\ 65~ = 973.835, *P* \< 0.001).

Discussion {#s14}
==========

The soil environment in which plants interact is complex ([@CIT0073]; [@CIT0072]). Bacterial diversity is likely to be high ([@CIT0071]) and bacteria are known to participate in communication with plant roots ([@CIT0004]). Less studied are potential interactions between soil bacteria and free-living gametophytes, such as those found in the fern lineage.

The soil bacterium used in our research is a pseudomonad best identified as *P. nitroreducens* using both 16S rRNA analysis and biochemical testing. The addition of this bacterium to cultures of *C. richardii* had profound effects on gametophyte development. The pseudomonad reduced the percentage of male gametophytes across a range of *C. richardii* densities and increased rhizoid and thalli growth, while decreasing rhizoid number in both hermaphrodite and male gametophytes.

Sex determination {#s15}
-----------------

In *C. richardii*, the presence of hermaphrodite-produced antheridiogen (A~CE~) can induce male development through a process known as induction. The pseudomonad used in these experiments reduced induction rates in *C. richardii*, resulting in a higher proportion of hermaphrodite gametophytes even when density was taken into account. The effects of A~CE~ and other antheridiogens produced by other species are dosage dependent ([@CIT0070]; [@CIT0057]; [@CIT0023]). Thus, a reduction in the concentration of A~CE~ by the pseudomonad could explain the reduced percentages of hermaphrodites observed, for example, if the bacteria were using A~CE~ as a carbon source. Other strains of *P. nitroreducens* have been shown to utilize complex molecules, such as estrogen, as a carbon source ([@CIT0033]). A~CE~ is thought to be a gibberellin ([@CIT0075]; [@CIT0078]), and there is a great deal of similarity between the basic structure of gibberellins and estrogen, though gibberellins are inherently more similar to androgens ([@CIT0011]). Additionally, members of the genus *Pseudomonas* have been shown to degrade complex hydrocarbons ([@CIT0050]; [@CIT0052]).

Alternatively, the pseudomonad may affect sex determination by altering nutrient availability and quality. Some have argued a link between environmental quality and the likelihood of undifferentiated gametophytes developing as males. Where environmental quality, specifically nutrient availability, is low, more males would be expected to develop given the increased resource demands of being a hermaphrodite ([@CIT0026]). Versions of this hypothesis have been previously tested for *C. richardii* by [@CIT0002] and [@CIT0025]. In both cases, no effect of nutrient concentration on induction rates was found for the concentrations and stoichiometry of nutrients that were used; however, there is some empirical support of a nutrient effect in another fern, *Woodwardia radicans* ([@CIT0016]).

If the pseudomonad participates in nutrient cycling and frees up nutrients that would normally be unavailable to *C. richardii*, then these additional resources could affect induction rates. We do not consider this likely given that C-Fern media is widely used to culture *C. richardii* gametophytes and likely represents a high-quality resource environment. Alternatively, the bacterium may be yielding novel nutrients as the bacteria conduct metabolism or as bacteria decompose.

Gametophytes experiencing higher resource environments would likely be affected in other ways besides decreased induction rates. Growth rates of the gametophyte thallus and germination rates would be expected to increase as well. Hermaphrodite thalli were significantly larger in the presence of the pseudomonad than similarly aged thalli in the control. However, cumulative germination rates did not differ between *C. richardii* spores grown in the presence or absence of the pseudomonad for days 4--8 post sowing.

It is also possible that the bacterium identified as *P. nitroreducens* directly affects induction by releasing a molecule or molecules that function to communicate with *C. richardii* gametophytes. The pseudomonad could be producing abscisic acid (ABA). Soil bacteria, including members of the genus *Pseudomonas* ([@CIT0049]), have been shown to produce ABA ([@CIT0038]). Abscisic acid in culture increases the percentage of hermaphrodites ([@CIT0076]) by acting in opposition to A~CE~, which is presumed to be a gibberellin ([@CIT0075]; [@CIT0078]).

Rhizoid development {#s16}
-------------------

The length and number of rhizoids increased between 9 and 19 days post sowing for both hermaphrodite and male gametophytes. However, the rates of increase and the effects of the pseudomonad and gametophyte area on hermaphrodite and male development were different, and thus the two types of gametophytes are considered separately.

In hermaphrodite gametophytes the pseudomonad increased rhizoid lengths when compared to control hermaphrodites. The effect was such that hermaphrodite rhizoids in the presence of the pseudomonad were 2.95× longer on average across all thalli sizes than control rhizoids. New rhizoids were produced at a slower rate in hermaphrodites grown with the pseudomonad such that control hermaphrodites had 1.23× more rhizoids across all thalli areas. The pseudomonad appears to have caused a change in resource allocation within hermaphrodites from a larger number of shorter rhizoids to a smaller number of longer rhizoids.

In male gametophytes the effect of the pseudomonad is more complex. As with hermaphroditic gametophytes the pseudomonad increased rhizoid length in male gametophytes by 2.72× when compared to the control, a number that is similar to the increase for hermaphrodite gametophytes. The addition of new rhizoids in male gametophytes grown in the presence of the pseudomonad was slower than for control male gametophytes. This overall effect of new rhizoid suppression was not consistent across all male gametophyte sizes, but was rather stronger in larger male gametophytes. Perhaps flexibility in new rhizoid development is not possible in males to the same extent as in hermaphrodites. This may be in part due to the smaller overall resource budget of males given their much smaller overall size.

Roots have been shown to engage in optimal foraging and are known to elongate in nutrient poor habitats and proliferate in nutrient rich habitats ([@CIT0032]; [@CIT0039]; [@CIT0015]). If rhizoids, the analogous structures in gametophytes ([@CIT0036]), were to follow the same model, then the lengthening observed in *C. richardii* rhizoids might be due to lower overall nutrient quality. It is possible that the pseudomonad, through nitrate reduction, is lowering the levels of nitrate available to the gametophytes. However, if lower levels of nutrients are affecting rhizoid growth, then we might expect germination rates and thalli sizes to be affected as well. As discussed above, no differences in the germination rates of spores in the presence or absence of the bacteria were found. Additionally, though thalli sizes on all days were larger in the presence of the bacteria, this is counter to what would be predicted if the pseudomonad were lowering nitrogen availability.

In fact, the *Pseudomonas* genus is one of a number of genera described as plant growth promoting (PGP; [@CIT0043]; [@CIT0046]). Members of the genus have been shown to increase root hair length in *Arabidopsis thaliana* ([@CIT0013]), increase overall biomass in *Maize* ([@CIT0065]) and *Oryza sativa* ([@CIT0045]), and increase root and shoot biomass in mung bean ([@CIT0066]). The mechanisms behind such effects on sporophyte growth and development are not fully understood ([@CIT0017]). However, one well-studied mechanism involves the bacterial production of phytohormones ([@CIT0014]; [@CIT0054]; [@CIT0018]; [@CIT0017]).

Many species of bacteria are known to communicate with plant roots hormonally. A large number of soil bacteria produce auxin ([@CIT0053]), including a strain of *P. nitroreducens* ([@CIT0027]) and many other species of the *Pseudomonas* genus ([@CIT0024]; [@CIT0054]; [@CIT0001]; [@CIT0056]). The addition of auxin to sporophytes is known to stimulate root production, both adventitious and non-adventitious, and has been shown to increase the number of marginal rhizoids in *C. richardii* gametophytes at 2,4-dichlorophenoxyacetic acid (2,4-D) and α-napthaleneacetic acid (NAA) concentrations above 1 × 10^−6^ ([@CIT0029]). Auxin has also been shown to increase the length of rhizoids in *Physcomitrella* ([@CIT0061]), a non-vascular plant. Synthetic and natural auxins have been shown to increase both cell size and division in gametophytes ([@CIT0044]). Interestingly, auxin has also been shown to affect sexual development in *C. richardii* by working to reduce the percentage of hermaphrodites in culture ([@CIT0029]). This is in contrast to the increased percentage of hermaphrodites in the presence of the pseudomonad observed in our experiments. The increased percentage of hermaphrodites in the presence of the pseudomonad does not negate the potential for auxin to influence rhizoid development in *C. richardii*, since different concentrations and forms of auxin may have contradictory results, or perhaps auxin release and either nutrient effects or A~CE~ degradation are acting in concert. If separate mechanisms are at work on rhizoid development and sexual development, then it is likely that other soil bacteria may produce molecules that employ one but not the other mechanism, in which case it may be possible to decouple the effects on rhizoid development changes from effects on sex determination.

In addition to auxin, soil bacteria are known to produce cytokinins ([@CIT0017]), ABA ([@CIT0014]; [@CIT0018]), gibberellic acid (GA; [@CIT0067]) and jasmonic acid (JA; [@CIT0021]) and reduce ethylene production in plant roots ([@CIT0042]; [@CIT0055]). Cytokinins have been shown to induce the formation of rhizoid initials in *C. richardii* gametophytes grown in the dark ([@CIT0069]). This effect is opposite to that seen here by gametophytes in the presence of the pseudomonad. Abscisic acid has been shown to increase rhizoid number in *C. richardii* at molarities between 1 × 10^−7^ and 1 × 10^−5^ M and inhibit their development at higher concentrations ([@CIT0028]). Gibberellic acid has a relatively minor effect on gametophytic growth, while it has a major effect on sex determination ([@CIT0044]). Promotion of rhizoid elongation and cell division has been reported in the presence of GA, but only for low light environments ([@CIT0044]). Jasmonic acid has been studied in the fern *Platycerium bifurcatum* and promoted early gametophyte development by causing increased length and number of rhizoids and increased number of cells per gametophyte ([@CIT0010]).

Working with gametophytes directly in the environment is challenging due to difficulty in finding and identifying gametophytes to species ([@CIT0062]). In the few studies that have explored sex determination of fern gametophytes in nature, higher percentages of hermaphrodites tend to occur ([@CIT0063]; [@CIT0060]). Working with fern gametophytes is made much easier by utilizing sterile culture in the laboratory. Doing so has facilitated the understanding of sex determination and rhizoid development. However, the interactions between gametophytes and bacteria in the soil paint a much more complex image of gametophyte sexual development and rhizoid development.
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